Differences in the mechanisms underlying tolerance and -opioid receptor desensitization resulting from exposure to opioid agonists of different efficacy have been suggested previously. The objective of this study was to determine the effects of protein kinase C (PKC) and G protein-coupled receptor kinase (GRK) inhibition on antinociceptive tolerance in vivo to opioid agonists of different efficacy. A rapid (8-h) tolerance-induction model was used where each opioid was repeatedly administered to naive mice. Animals were then challenged with the opioid after injection of a kinase inhibitor to determine its effects on the level of tolerance. Tolerance to meperidine, morphine, or fentanyl was fully reversed by the PKC inhibitor 12-(2-cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo(2,3-a)pyrrolo (3,4-c) 
may vary according to the agonist (Arden et al., 1995; Yabaluri and Medzihradsky, 1997; Selley et al., 1998; Bailey et al., 2004 Bailey et al., , 2009 . High intrinsic efficacy agonists such as DAMGO produce receptor desensitization through activation of GRKs and subsequent binding of arrestins (Keith et al., 1998; Zhang et al., 1998; Zaki et al., 2000) , whereas morphine, a moderate intrinsic efficacy agonist, produces desensitization through second messenger signaling pathways such as the PKC pathway (Selley et al., 1998) . For example, in mature brain locus coeruleus neurons -opioid receptor desensitization due to morphine exposure is induced primarily through a PKC-dependent mechanism, whereas desensitization due to DAMGO exposure is induced through a GRKdependent mechanism (Bailey et al., 2004 Johnson et al., 2006; Kelly et al., 2008) .
The main objective of this study was to investigate the effect of PKC and GRK inhibition in vivo on antinociceptive tolerance after repeated administration of opioid agonists of different efficacy to complement the breadth of in vitro experimentation on this topic in the literature. The opioid agonists tested had low (meperidine), moderate (morphine and fentanyl), and high efficacy (DAMGO) at the -opioid receptor (Selley et al., 1997 (Selley et al., , 1998 . To do this, we used a rapid (8-h) tolerance induction protocol. We demonstrated previously that tolerance on prolonged exposure to the prototypic opioid morphine in vivo can be reversed by PKC inhibition (Smith et al., 2002 , and others have shown that GRK 3 knockout does not affect morphine tolerance (Terman et al., 2004) .
Our in vivo results demonstrate that inhibition of GRK causes reversal of DAMGO-induced tolerance but not meperidine-, morphine-or fentanyl-induced tolerance, whereas the inhibition of PKC results in the reversal of meperidine-, morphine-, and fentanyl-induced tolerance but not DAMGOinduced tolerance. In addition, we found that, at the neuronal level, DAMGO-induced desensitization of -opioid receptors was inhibited by small-molecule GRK inhibitors but was not affected by PKC inhibitors. These results indicate that the mechanisms of tolerance to opioid agonists are specific to the efficacy of the agonist.
Materials and Methods

In Vivo Experiments
Animals. Male Swiss-Webster mice (Harlan, Indianapolis, IN), weighing 25 to 30 g, were housed six to a cage in animal care quarters and maintained at 22 Ϯ 2°C on a 12-h light/dark cycle. Food and water were available ad libitum. The mice were brought to a test room (22 Ϯ 2°C, 12-h light/dark cycle), marked for identification, and allowed 18 h to recover from transport and handling. Protocols and procedures were approved by the Institutional Animal Care and Use Committee at Virginia Commonwealth University Medical Center and comply with the recommendations of the International Association for the Study of Pain (Seattle, WA).
Tail-Immersion Test. The warm water tail-immersion test was performed according to Coderre and Rollman (1983) using a water bath with the temperature maintained at 56 Ϯ 0.1°C. Before injecting the mice, a baseline (control) latency was determined. Only mice with a control reaction time from 2 to 4 s were used. The average baseline latency for these experiments was 3.0 Ϯ 0.1 s. The test latency after drug treatment was assessed at 30 min for morphine, fentanyl, and meperidine and at 20 min for DAMGO, with a 10-s maximal cut-off time imposed to prevent tissue damage. Antinociception was quantified according to the method of Harris and Pierson (1964) as the percentage of maximal possible effect (%MPE), which was calculated as [(test latency Ϫ control latency)/(10 Ϫ control latency)] ϫ 100. The %MPE value was calculated for each mouse using at least six mice per drug.
Intracerebroventricular Injections. Intracerebroventricular injections were performed as described by Pedigo et al. (1975) . Mice were anesthetized with isoflurane, and a horizontal incision was made in the scalp. A free-hand 5-l injection of drug or vehicle was made in the lateral ventricle (2 mm rostral and 2 mm lateral at a 45°a ngle from the bregma). The extensive experience of this laboratory has made it possible to inject drugs by this route of administration with greater than 95% accuracy. Immediately after testing, the animals were euthanized to minimize any type of distress, according to Institutional Animal Care and Use Committee Guidelines. Intracerebroventricular injections were used for compounds that are unable to pass the blood-brain barrier such as DAMGO and the PKC, PKA, and GRK inhibitors.
Model of In Vivo Acute Opioid Tolerance. An 8-h antinociceptive tolerance model to morphine, fentanyl, and meperidine was developed as follows. Mice were injected subcutaneously once every 2 h for 6 h (total of four injections) with the minimal dose of opioid that produces maximal analgesia in naive mice in the tail-immersion test. Two hours after the final dose, mice were administered the kinase inhibitor or vehicle by intracerebroventricular injection and immediately challenged with various subcutaneous challenge doses of the opioid to construct dose-response curves for calculation of ED 50 values and potency ratios. In a similar manner, an 8-h antinociceptive tolerance model to DAMGO was developed as follows. Mice were injected intracerebroventricularly once every hour (total of eight injections) with the minimal dose of DAMGO that results in maximal analgesia in naive mice in the tail-immersion test. One hour after the final dose, mice were administered the inhibitor by intracerebroventricular injection and immediately challenged with various intracerebroventricular doses of DAMGO to construct dose-response curves for calculation of ED 50 values and potency ratios. The intracerebroventricular morphine tolerance model followed the same dosing scheme as DAMGO, with the exception of a 2-h time period between the final dose of intracerebroventricular morphine and the intracerebroventricular injections of inhibitor and the challenge dose of morphine. The above-mentioned opioid doses producing maximal analgesia were chosen based on the construction of acute doseresponse curves in naive mice (data not shown).
Electrophysiological Recordings
Brain Slice Preparation. C57BL mice (males; approximately 30 g) were killed by cervical dislocation, and horizontal brain slices (250 m in thickness) containing the locus coeruleus (LC) were prepared as described for rat LC slices (Bailey et al., 2003) . All brain slice experiments were performed in accordance with the UK Animals (Scientific Procedures) Act 1986, the European Communities Council Directive 1986 (86/609/EEC), and the University of Bristol ethical review document.
Whole-Cell Patch-Clamp Recordings. Slices were submerged in a slice chamber (0.5 ml) mounted on the microscope stage and superfused (2.5-3 ml/min) with artificial cerebrospinal fluid composed of 126 mM NaCl, 2.5 mM KCl, 1.2 mM MgCl 2 , 2.4 mM CaCl 2 , 1.2 mM NaH 2 PO 4 , 11.1 mM D-glucose, 21.4 mM NaHCO 3 , and 0.1 mM ascorbic acid; saturated with 95% O 2 , 5% CO 2 at 33-34°C. LC neurons were visualized by Nomarski optics using infrared light, and individual cell somata were cleaned by gentle flow of artificial cerebrospinal fluid from a pipette. Whole-cell voltage-clamp recordings (V h ϭ Ϫ60 mV) were made using electrodes (3-6 M⍀) filled with 115 mM K-gluconate, 10 mM HEPES, 11 mM EGTA, 2 mM MgCl 2 , 10 mM NaCl, 2 mM Mg ATP, and 0.25 mM Na 2 GTP (pH 7.3; osmolarity, 270 mOsm). Recordings of whole-cell currents were filtered at 2 kHz using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) and analyzed off-line using pClamp (Molecular Devices). Activation of -opioid receptors evoked a transmembrane K ϩ current, and by performing whole-cell patch-clamp recordings, a real-time index of -opioid receptor activation could be continuously recorded. Drugs were applied in the superfusing solution at known concentrations, or for ␤-adrenergic receptor kinase 1 (␤-ARK 1) inhibitor, in the pipette solution.
Statistical Analysis
Opioid dose-response curves were generated for calculation of effective dose-50 (ED 50 ) values using least-squares linear regression analysis followed by calculation of 95% confidence limits (95% CL) by the method of Bliss (1967) . Tests for parallelism were conducted before calculating the potency ratio values with 95% CL by the method of Colquhoun (1971) who notes that a potency ratio value of greater than 1, with the lower 95% CL greater than 1, is considered a significant difference in potency between groups.
For the analysis of desensitization, the data obtained in the electrophysiological studies were fitted by nonlinear regression and the curves obtained under different recording conditions were compared using the F test (Prism; GraphPad Software Inc., San Diego, CA) to determine whether the curves were distinguishable (P Ͻ 0.05).
Drugs and Chemicals
The PKC inhibitor Gö6976, the PKA inhibitor myristoylated PKI-(14-22)-amide, and the GRK inhibitor ␤-ARK 1 inhibitor were purchased from Calbiochem (San Diego, CA). The GRK inhibitor Ro 32-0432 HCl was purchased from Sigma-Aldrich (St. Louis, MO). Meperidine hydrochloride, fentanyl hydrochloride, morphine sulfate, and etorphine hydrochloride were obtained from the National Institute on Drug Abuse (Bethesda, MD). DAMGO was purchased from Tocris Bioscience (Ellisville, MO). Morphine sulfate, meperidine, and fentanyl were dissolved in pyrogen-free isotonic saline (Hospira, Lake Forest, IL). DAMGO was dissolved in distilled water. PKI-(14-22)-amide was dissolved in distilled water; the corresponding vehicle-injected mice were injected with distilled water. ␤-ARK 1 inhibitor, Gö6976, and Ro 32-0432 HCl were dissolved in 10% dimethyl sulfoxide, 20% Cremophor (BASF Wyandotte, Wyandotte, MI), and 70% distilled water; the corresponding vehicle-injected mice were injected with 10% dimethyl sulfoxide, 20% Cremophor, and 70% distilled water. We have published previously on the use of this vehicle for intracerebroventricular injections (Smith et al., 1999 (Smith et al., , 2002 (Smith et al., , 2003 . The selected doses of the PKA and PKC inhibitors TABLE 1 Opioid antinociceptive tolerance using an 8-h model Mice were either repeatedly administered vehicle over 8 h and then challenged with the opioid (vehicle ϩ opioid) or repeatedly administered opioid over 8 h and then challenged with the opioid (opioid ϩ opioid) as well as vehicle intracerebroventricularly. Meperidine (40 mg/kg s.c.), morphine (10 mg/kg s.c.), and fentanyl (0.2 mg/kg s.c.) were administered every 2 h for a total of four injections, with test doses of the opioid administered 2 h after the last injection. DAMGO (25.7 ng/kg i.c.v.) was administered every 1 h for a total of eight injections, with test doses of DAMGO administered 1 h after the last injection. All opioid ϩ opioid groups received vehicle intracerebroventricular injections before the opioid test doses. Thirty minutes (20 min for DAMGO) after test doses were administered, tail-immersion latencies were determined for construction of dose-response curves as well as calculation of ED 50 values and potency ratios. Mice were either repeatedly administered opioid over 8 h and then administered vehicle intracerebroventricularly immediately before being challenged with the opioid (opioid ϩ vehicle) or repeatedly administered opioid over 8 h and then administered the PKC inhibitor Gö6976 (4 nmol/mouse i.c.v.; A), the GRK inhibitor ␤-ARK 1 inhibitor (20 nmol/mouse i.c.v.; B), or the GRK inhibitor Ro 32-0432 (2 nmol/mouse i.c.v.; C) immediately before being challenged with the opioid (opioid ϩ inhibitor). Meperidine (40 mg/kg s.c.; A and B), morphine (10 mg/kg s.c.; A-C), and fentanyl (0.2 mg/kg s.c.; A and B) were administered every 2 h for a total of four injections, with inhibitor or vehicle and then test doses of the opioid administered 2 h after the last injection. DAMGO (25.7 ng/kg i.c.v.; A-C) was administered every 1 h for a total of eight injections, with inhibitor or vehicle and then test doses of DAMGO administered 1 h after the last injection. Thirty minutes (20 min for DAMGO) after test doses were administered, tail immersion latencies were determined for construction of dose-response curves as well as calculation of ED 50 values and potency ratios. were shown to reverse morphine tolerance in a 3-day morphine pellet tolerance model (Smith et al., 1999 (Smith et al., , 2002 (Smith et al., , 2003 . Drugs and chemicals used in the electrophysiological studies were purchased from Sigma Chemical (Poole, Dorset, UK), except for Gö6976 and ␤-ARK 1 inhibitor (Calbiochem, Nottingham, UK).
Results
Opioid Antinociceptive Tolerance. Low-, moderate-and high-efficacy opioid agonists produced similar levels of antinociceptive tolerance, as measured by the tail-immersion test. The repeated administration of the low-efficacy -opioid agonist meperidine (40 mg/kg s.c. every 2 h for a total of four injections, with test doses of meperidine administered 2 h after the last injection) resulted in 2.7-fold tolerance in the tail-immersion test. Similarly, the repeated administration of the moderateefficacy -opioid agonists morphine (10 mg/kg s.c. every 2 h for a total of four injections, with test doses of morphine administered 2 h after the last injection) and fentanyl (0.2 mg/kg s.c. every 2 h for a total of four injections, with test doses of fentanyl administered 2 h after the last injection) resulted in a 4.6-and 3.5-fold antinociceptive tolerance, respectively. The repeated administration of DAMGO (25.7 ng/kg i.c.v. every 1 h for a total Fig. 1 . PKC inhibitor Gö6976-induced reversal of low-and moderate-efficacy but not high-efficacy opioid tolerance. Gö6976 (4 nmol/mouse i.c.v.) completely reversed antinociceptive tolerance in meperidine-(A), morphine-(B), and fentanyl (C)-tolerant mice but not in DAMGO (D)-tolerant mice. Each data point represents six mice. Tolerance was determined by the tail-immersion test 30 min (20 min for DAMGO) after the inhibitor or vehicle and opioid were administered, using various doses of the opioid subcutaneously or intracerebroventricularly for construction of dose-response curves for calculation of ED 50 values and potency ratios. F, animals treated only with vehicle for 8 h before being administered vehicle intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve. , animals treated with the indicated opioid repeatedly over 8 h to build tolerance before being administered inhibitor intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve. f, animals treated with the indicated opioid repeatedly over 8 h to build tolerance before being administered vehicle intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve. (Table 1) .
Effects of PKC Inhibition on Opioid Antinociceptive Tolerance. The PKC inhibitor Gö 6976 (4 nmol/mouse i.c.v.) administered to tolerant mice immediately before the challenge doses of opioid fully reversed morphine, meperidine, and fentanyl antinociceptive tolerance but did not reverse tolerance induced by DAMGO (Table 2A ; Fig.  1 ). Gö 6976 fully reversed the antinociceptive tolerance observed in mice repeatedly administered the low-efficacy -opioid agonist meperidine (Fig. 1A) .
Similarly, the antinociceptive tolerance observed in mice repeatedly administered either of the moderate-efficacy -opioid agonists, morphine or fentanyl, was fully reversed by the administration of the PKC inhibitor Gö6976 (Fig. 1, B and C). Conversely, this same treatment with Gö6976 failed to significantly reverse the antinociceptive tolerance observed in mice repeatedly administered the high-efficacy -opioid agonist DAMGO (Fig. 1D) .
Effects of GRK Inhibition on Opioid Antinociceptive Tolerance. As shown in Table 2B and illustrated in Fig. 2 , the GRK inhibitor ␤-ARK 1 inhibitor (a specific GRK 2 inhibitor; Iino et al., 2002) did not reverse morphine, meperi- Fig. 2 . GRK inhibitor ␤-ARK 1 inhibitor-induced reversal of high-efficacy opioid but not moderate-efficacy opioid tolerance. ␤-ARK 1 inhibitor (20 nmol/mouse i.c.v.) completely reversed antinociceptive tolerance in DAMGO-tolerant mice (D) but not meperidine-(A), morphine-(B), and fentanyl (C)-tolerant mice. Each data point represents six mice. Tolerance was determined by the tail-immersion test 30 min (20 min for DAMGO) after the inhibitor or vehicle and opioid were administered, using various doses of the opioid subcutaneously or intracerebroventricularly for construction of dose-response curves for calculation of ED 50 values and potency ratios. F, animals treated only with vehicle for 8 h before being administered vehicle intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve. , animals treated with the indicated opioid repeatedly over 8 h to build tolerance before being administered inhibitor intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve. f, animals treated with the indicated opioid repeatedly over 8 h to build tolerance before being administered vehicle intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve.
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It is interesting to note that this same treatment with ␤-ARK 1 inhibitor fully reversed the antinociceptive tolerance observed in mice repeatedly administered the highefficacy -opioid agonist DAMGO (Fig. 2D) . The ED 50 value for DAMGO in the repeatedly DAMGO-treated mice, given ␤-ARK 1 inhibitor immediately before the challenging doses, was significantly different from that of DAMGO-tolerant mice given vehicle inhibitor (Table 2B) .
The GRK 5 inhibitor Ro 32-0432 (Ro 32-0432 is less specific than ␤-ARK 1 inhibitor as it also inhibits GRKs 2 and 3, although to a lesser degree than it does GRK 5; Aiyar et al., 2000) failed to reverse antinociceptive tolerance when administered intracerebroventricularly (2 nmol/mouse) in mice repeatedly administered morphine. The ED 50 value for morphine in the repeatedly morphinetreated mice given Ro 32-0432 was not significantly different from that calculated in the morphine-tolerant mice administered vehicle. However, this same inhibitor led to full reversal of antinociceptive tolerance in mice repeatedly administered DAMGO (Table 2C) .
Effects of Combined Administration of PKC and PKA Inhibitors on DAMGO Tolerance. In a previous study, we showed that a higher level of tolerance (45-fold) to morphine was not fully reversed by very high doses of either a PKA inhibitor or a PKC inhibitor alone, but a full reversal was achieved by their combined administration (Smith et al., 2003) . To determine whether high-efficacy opioid tolerance, although of a lesser magnitude, was functionally similar to high levels of morphine tolerance, a PKA and a PKC inhibitor were administered simultaneously in DAMGO-tolerant animals. This combined treatment did not significantly reverse tolerance to DAMGO (Fig. 3) .
Effects of PKC and GRK Inhibitors on Morphine Tolerance Developed from Intracerebroventricular Injections. It was important to address whether the differences in the results with PKC and GRK inhibitors between DAMGO and the other opioids was because of the difference in their efficacies or whether it had to do with the dosing scheme and different routes of administration (i.e., DAMGO was administered intracerebroventricularly, whereas other opioids were administered subcutaneously). Therefore, in a new series of experiments morphine was administered in a similar intracerebroventricular dosing scheme as DAMGO and then the animals were administered either Gö6976 (4 nmol/mouse i.c.v.) or ␤-ARK 1 inhibitor (20 nmol/5 l i.c.v.) and a challenge dose of morphine intracerebroventricularly to construct a dose-response curve. As can be seen in Fig. 4 , morphine tolerance was reversed by the PKC inhibitor (Fig. 4A) . However, morphine tolerance was not reversed by the GRK inhibitor (Fig. 4B) . These results are the same as those obtained from animals that were administered morphine subcutaneously (Figs. 1B and 2B) .
Effects of Administration of PKC and GRK Inhibitors on Agonist-Induced Desensitization of the -Opioid Receptor in Mature LC Neurons. Finally, we wanted to demonstrate that the small-molecule GRK inhibitors we had used in the in vivo experiments also inhibited desensitization of the -opioid receptor. We have reported previously that morphine-induced -opioid receptor desensitization can be reversed by various PKC inhibitors, including Gö6976 but not by inhibition of GRK (Bailey et al., 2004 (Bailey et al., , 2009 . To study the effect of GRK inhibitors on DAMGO-induced desensitization, we performed whole-cell voltage-clamp recordings from LC neurons in vitro in slices taken from mature mice. Application of DAMGO (1 or 10 M) to the brain slice containing the LC evoked an outward current that peaked within 1 min and then declined (desensitized) in the continued presence of the drug over the 15-min application period (Fig. 5A) .
The ␤-ARK 1 inhibitor was diffused into the cell from the recording pipette for 15 min before application of DAMGO and during the rest of the experiment. The amount of desensitization induced by 10 M DAMGO was markedly reduced in the presence of the ␤-ARK 1 inhibitor at both 100 and 300 M (Fig. 5B) (there was no difference in the degree of inhibition by 100 and 300 M ␤-ARK 1 inhibitor; therefore, the data have been combined). The t 1/2 value of desensitization was significantly altered [for DAMGO alone, t 1/2 ϭ 73 s (95% CL ϭ 59, 94), whereas for DAMGO in the presence of the ␤-ARK 1 inhibitor, t 1/2 ϭ 46 s (95% CL, ϭ 34, 71)]. Similarly, exposure of LC slices to the GRK inhibitor Ro 32-0432 (0.1-1 M) for 20 min before and then during the subsequent application of 1 M DAMGO reduced the amount of DAMGOinduced desensitization (Fig. 5C) . In contrast, exposure of the (Gö6976) and PKA (PKI 14-22) failed to reverse high-efficacy opioid tolerance. Gö6976 (4 nmol/mouse i.c.v.) and PKI 14-22 (3.75 nmol/mouse i.c.v.) administered together failed to reverse antinociceptive tolerance in DAMGO-tolerant mice. Each data point represents six mice. Tolerance was determined by the tail-immersion test 20 min after the inhibitor or vehicle and DAMGO were administered, using various doses of DAMGO intracerebroventricularly for construction of dose-response curves for calculation of ED 50 values and potency ratios. F, animals treated only with vehicle for 8 h before being administered vehicle intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve. , animals treated with the indicated opioid repeatedly over 8 h to build tolerance before being administered inhibitor intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve. f, animals treated with the indicated opioid repeatedly over 8 h to build tolerance before being administered vehicle intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve.
LC slices to Gö6976, a structurally related bisindoylmaleimide that inhibits PKC but not GRK, before and during the application of the opioid failed to alter the desensitization induced by DAMGO (Fig. 5C ).
Discussion
We have demonstrated previously that, in isolated neurons, -opioid receptor desensitization to the high-efficacy opioid DAMGO differs from that to the moderate-efficacy opioid morphine (Bailey et al., 2003; Johnson et al., 2006) , but these results have not yet been demonstrated for tolerance in vivo. To this end, the present study was aimed at investigating whether differences in the mechanism of tolerance to opioids of different agonist efficacy can be found in vivo. To test this hypothesis, a rapid induction in vivo opioid tolerance model was developed using low-, moderate-, and high-efficacy opioids. Specific inhibitors for PKC and GRK were assessed for their ability to reverse opioid tolerance induced by the various opioids.
In these experiments, we demonstrated that antinociceptive tolerance can be developed over 8-h with repeated injections of the low-efficacy -opioid receptor agonist meperidine, the moderate-efficacy -opioid receptor agonists morphine and fentanyl, and the high-efficacy -opioid receptor peptide agonist DAMGO. It is important to note that in various in vitro assays including rat brain tissue, mMOR-CHO cells, and SK-N-SH cells, morphine and fentanyl, although of different potency, are of similar efficacy (Selley et al., 1997 (Selley et al., , 1998 .
We found that the tolerance to meperidine, morphine, or fentanyl was fully reversed by the administration of a PKC inhibitor but not by the administration of GRK inhibitors. However, tolerance to DAMGO was reversed by the GRK inhibitors but not by the PKC inhibitor. We used two different GRK inhibitors; one inhibitor (Ro 32-0432) inhibits GRKs 5, 2, and 3 and the other inhibitor (␤-ARK 1 inhibitor) specifically inhibits GRK 2. Because both inhibited tolerance to DAMGO, this suggests that GRK 2 may be the GRK involved in regulating the -opioid receptor. These in vivo results studying opioid tolerance are in agreement with our previous results on -opioid receptor desensitization in isolated neurons (Bailey et al., 2004 (Bailey et al., , 2009 Johnson et al., 2006) and support the hypothesis that -opioid receptor desensitization contributes to tolerance.
Our laboratory has reported on the involvement of PKC in mediating morphine tolerance in vivo (Granados-Soto et al., 2000; Bailey et al., 2006) . Most recently, we have used selective inhibitors of different PKC isoforms to demonstrate the involvement of PKC␣, PKC␥, and to a lesser extent PKCε in antinociceptive morphine tolerance (Smith et al., 2007) . Other workers have demonstrated that morphine tolerance is absent in the PKC␥ knockout mouse (Zeitz et al., 2001 ). In addition, Granados-Soto et al. (2000) demonstrated that rats infused with morphine for 5 days had significantly higher levels of PKC␣ and PKC␥ in the dorsal spinal horn. The higher levels of PKC␣ and PKC␥, as well as the morphine antinociceptive tolerance, were prevented when the PKC inhibitor chelerythrine was coinfused with morphine during the 5-day treatment.
GRKs have also been suggested to play a key role in -opioid receptor desensitization and in tolerance to some opioids. We have reported recently that in both LC neurons and human embryonic kidney 293 cells rapid DAMGO-induced Fig. 4 . Tolerance after the intracerebroventricular administration of morphine was reversed by the PKC inhibitor Gö6976 but not by the GRK inhibitor ␤-ARK 1 inhibitor. Gö6976 (4 nmol/mouse i.c.v.) reversed intracerebroventricular morphine antinociceptive tolerance (A), whereas ␤-ARK 1 inhibitor (20 nmol/mouse) failed to reverse intracerebroventricular morphine antinociceptive tolerance (B). Each data point represents six mice. Tolerance was determined by the tail immersion test 30 min after the inhibitor or vehicle and morphine were administered, using various doses of the opioid subcutaneously or intracerebroventricularly for construction of dose-response curves for calculation of ED 50 values and potency ratios. F, animals treated only with vehicle for 8 h before being administered vehicle intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve. , animals treated with the indicated opioid repeatedly over 8 h to build tolerance before being administered inhibitor intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve. f indicates animals treated with the indicated opioid repeatedly over 8 h to build tolerance before being administered vehicle intracerebroventricularly and the challenge doses of the indicated opioid to construct a dose-response curve.
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at ASPET Journals on March 30, 2017 jpet.aspetjournals.org -opioid receptor desensitization is GRK-mediated because it is blocked by overexpression of a GRK 2 dominant-negative mutant (Johnson et al., 2006; Kelly et al., 2008; Bailey et al., 2009) . In the present study, we found that GRK 2 inhibition reversed DAMGO tolerance but did not reverse tolerance to either morphine or fentanyl in vivo. This is in partial agreement with Terman et al. (2004) who observed that in GRK 3 knockout animals (GRK 2 knockout is lethal) morphine tolerance was unaffected. However, they also reported that tolerance to fentanyl was reduced in the GRK 3 knockout animals, which is different from what we observed with the GRK inhibitors where fentanyl-induced tolerance was unaffected. We do not at present have an explanation for this discrepancy.
One explanation for differences in kinase mechanisms in tolerance between opioid agonists of different efficacies is that opioids induce different conformational changes of the receptor depending upon their efficacy. The ability of a G protein-coupled receptor, such as the -opioid receptor, to acquire different conformations when activated by various ligands is referred to as functional selectivity (Mailman, 2007; Urban et al., 2007; Kelly et al., 2008) . Opioid agonists would appear to stabilize distinct conformations of the receptor that allow the receptor to couple to the appropriate G proteins to elicit similar downstream responses but that are distinct enough to permit different desensitization mechanisms. Thus, the binding of low-and moderate-efficacy agonists to the -opioid receptor induces a conformational change that makes the phosphorylation sites for PKC more readily available, whereas binding of the high-efficacy opioid DAMGO causes a conformational change that makes the phosphorylation sites for GRK more available, thereby differentiating the pathways for tolerance activated by the different opioids.
The ability of some -opioid receptor agonists to induce GRK phosphorylation, thereby recruiting arrestin and leading to internalization of the receptor (e.g., DAMGO and etorphine), whereas others are unable to cause such recruitment and internalization (e.g., morphine) has been widely demonstrated in vitro (Keith et al., 1996; Zhang et al., 1998) .
One could argue that the difference we found between the low-and moderate-efficacy opioids and the high-efficacy opioid could be due to DAMGO being a peptide rather than due to its high efficacy. However, in vitro experiments have shown that there are only minor differences between DAMGO and other high-efficacy opioids in their stimulation of G proteins despite their structural differences (Saidak et al., 2006) . We did attempt to use etorphine in this rapid tolerance induction model; however, possibly due to its very high efficacy, we were unable to develop a rapid induction of tolerance model with this ligand. There is evidence in the literature that under similar conditions, high-efficacy opioids produce significantly less tolerance to analgesic effects than do low-efficacy opioids (Madia et al., 2009 ). Here, we also saw less tolerance after the 8-h exposure to DAMGO than after the 8-h exposure to the less efficacious opioids. It is possible that, in this tolerance model, animals are unable to produce a measurable amount of tolerance to the analgesic effects of such a high-efficacy opioid as etorphine.
There was also the possibility that the differences we found between the opioids we tested could be a result of the route of administration of the opioid. However, we were able to show, through the experiments where morphine was administered intracerebroventricularly to induce tolerance, that the route of administration of the opioid does not affect which kinase inhibitors are able to reverse the tolerance of that opioid.
In conclusion, these results support our hypothesis that different mechanisms underlie tolerance to opioids of different efficacies. This is the first report of the ability of any PKC inhibitor to reverse in vivo tolerance to meperidine and fentanyl as well as the first in vivo reversal of DAMGO tolerance with a GRK inhibitor. The GRK-dependent mechanism plays Fig. 5 . Inhibition of DAMGO-induced -opioid receptor desensitization by GRK inhibitors. A, current recording from a mouse LC neuron. Application of DAMGO induced an outward current that was not sustained for the period of drug application (indicated by the solid bar) but declined to a steady state. B, decay from the peak of the current induced by DAMGO (10 M; n ϭ 3) in control (f) and when the ␤ARK 1 inhibitor (100 -300 M; n ϭ 6 -7) was present in the recording pipettes solution (‚). There was no difference in the degree of inhibition by 100 and 300 M ␤ARK 1 inhibitor; therefore, the data have been combined. The reduction in DAMGO desensitization in the presence of the ␤ARK 1 inhibitor was statistically significant (p Ͻ 0.0001). C, decay from the peak of the current induced by DAMGO (1 M; n ϭ 6) in control (f) and after slices had been exposed to either Ro 32-0432 inhibitor (0.1-1 M; n ϭ 6; ‚) or Gö6976 (1 M; n ϭ 4; E) for 20 min before and during the subsequent exposure to DAMGO. There was no difference in the degree of inhibition by 0.1 and 1 M Ro 32-0432; therefore, the data have been combined. The reduction in DAMGO desensitization in the presence of Ro 32-0432 was statistically significant (p Ͻ 0.0001), whereas Go6976 did not significantly alter the DAMGO desensitization. a greater role in tolerance to high-efficacy opioids, whereas a PKC-dependent desensitization of the receptor mechanism plays a greater role in tolerance to low-and moderate-efficacy opioid agonists.
